The modern undercarriage system of a large aircraft normally requires the landing gear to be retractable. The nose landing gear, installed in the front of the fuselage, is retracted either forward or rearward. In the forward/rearward retraction system, the landing gear is normally installed to the trailing/leading side of the bay. When the incoming flow passes the landing gear as well as the bay, the installation that corresponds to the forward/rearward retraction system has a significant impact on the coupling flow and the associated noise of the landing gear and the bay. In this paper, acoustic performance of the forward/rearward retraction of the nose landing gear was discussed based on experiment. The landing gear bay was simplified as a rectangular cavity, and tests were conducted in an aeroacoustics wind tunnel. The cavity oscillation was first analyzed with different incoming speeds. Then, the landing gear model was installed close to the trailing and the leading side of the cavity, respectively. It was observed that installation close to the leading side can help disturb the shear layer so as to suppress the oscillation, while the trailing one can make the landing gear itself produce lower noise. Accordingly, conclusions on the acoustic performance of the forward/rearward retraction of the nose landing gear are made.
Introduction
Aircraft noise is emitted by the aircraft or its component during a variety of flight phases such as approach and take-off. To date, it is only second to the road traffic noise in urban areas in terms of its unsociable levels, frequency, and time of occurrence, and it is often at the top of the list in rural areas [1] . Due to the increasing popularity of air travel and the rapid development of aeronautics in the past decades, aircraft noise has become not only an engineering problem but also a political and social issue [2] . Aircraft noise can be fundamentally classified into engine noise and airframe noise. To date, the engine noise has been significantly reduced due to the application of high by-pass ratio configuration, acoustic lining, chevron nozzle lip, etc. [3] . As such, the relative contribution to the total emission from the airframe noise has increased to a new level, and it has become a major concern to the aeronautical engineers.
Airframe noise is generated through the interaction of turbulent flows with solid bodies on the aircraft, major sources of which are the landing gear, slat, flap, etc. The landing gear has a very complex structure, primarily designed to support the entire landing aircraft load when it lands on the ground. In order to facilitate inspection and maintenance, which are crucial to safety, aerodynamic design of the landing gear is not refined, thereby generating much noise when it is directly exposed into the airflow at take-off and approach stages. As such, landing gear noise has been widely investigated in recent decades [4] .
Nowadays, the landing gears are conventionally retractable, i.e., when not needed during the flight, the undercarriages will retract into the fuselage and be concealed behind doors. The space for concealing the retractable gears is termed as the landing gear bay. The nose landing gear, which is installed in the front of the fuselage, is retracted either forward or rearward. As illustrated in Figure 1 , in the forward/rearward retraction system, the landing gear is normally mounted close to the trailing/leading side of the bay, respectively, retracting to the other side. The forward retraction, as the current mainstream, can be usually found in the aeroplanes manufactured by Boeing and Airbus, e.g., Boeing 777, Airbus 320. By contrast, it is known that some aeroplanes, e.g., Tu 154 from Russia (former Soviet Union), uses the rearward retraction.
When the bay door opens and the landing gear is dropped, the bay itself will play a role as a large cavity, with considerable cavity noise generated. Therefore, the bay has been identified as one of the dominant noise sources related to the landing gear in certain frequency ranges [5] . Additionally, regardless of the two retraction systems, i.e., the frontward and the rearward, turbulent wake of the upstream component will interact with the other downstream, which can be a new indirect noise source. Research on the landing gear bay noise can date back to the 1970s [5, 6] , and the cavity oscillation has been identified as the main characteristic of the noise emission. To predict frequencies or the Strouhal number of the oscillation, Rossiter [7] proposed a semiempirical equation based on the experimental data, which has been widely used in the subsequent cavity noise studies [8] [9] [10] [11] . As for the noise reduction, a few ideas have been proposed either for the landing gear or for the bay, such as the fairings [12, 13] , plasma [14, 15] , mesh [16, 17] , air curtain [18] [19] [20] [21] , and upstream mass flow injection [22] [23] [24] . Regardless of their technology readiness level (TRL), all of them have been confirmed to be able to achieve noise suppression.
From the brief review above, it is found that though a significant amount of research has been conducted on the landing gear or the bay noise, little work has been made to characterize the different acoustic performance of the forward/rearward retraction. In this paper, the noise of the bay, as well as its assembly with different nose landing gear installation, is discussed, corresponding to forward/rearward retraction. To begin with, the landing gear bay was simplified as a rectangular cavity, and wind tunnel tests were made to characterize its oscillation. Frequencies of the first four Rossiter orders measured from the experiment were compared to the prediction. Then, the nose landing gear model was installed close to the leading and the trailing edges of the cavity, respectively. This allows discussing the interaction between the nose landing gear and the cavity in the two retraction systems. At last, conclusions on the acoustic performance of the forward/rearward retraction of the nose landing gear are made. 2.2. Acoustic Measurement Instrument. The acoustic measurement was conducted through a microphone array and a far-field microphone arc, utilized for noise localization and directivity analysis, respectively. Setup of the microphone is shown in Figure 3(a) . Details of the setup are provided in Figure 3 (b); it is shown that the distance from the measurement plane to the microphone array was 930 mm. The height of the arc, i.e., from the bottom microphone to the endplate, was 80 mm, making the bottom of the arc flush with the top edge of the landing gear model.
Experimental Facilities and Instrumentation
All microphones are 1/4 inch G.R.A.S. 46BE type, with a dynamic range to be 35 dBA-160 dB. The sensitivity of the microphone is 4 mV/Pa. Each microphone has been calibrated with a 42AB calibrator at 1 kHz. For data acquisition, the microphones were connected to a NI PXIe-4499 data acquisition card, and the sampling frequency and time were set to be 51.2 kHz and 10 s. The microphone array consists of 70 microphones, mounted in an open grid with a spiral pattern. The coordinates in detail are described in Figure 4 (a). To avoid the disturbance from the main flow, each microphone was equipped with a windproof cap, shown in Figure 4 (b). The microphone arc, used for far-field directivity measurement, was installed along with the microphone array. There were 9 microphones, spaced equally from -90°F 
Test Programme and Model Setup.
In this paper, a number of different configurations were tested as a parametric study to analyze the noise characteristics. All cases are shown in the test matrix in Table 1 . For different purposes, those cases can be classified into two groups. Group I includes Cases No. 2-4, which can be used to discuss the effects from different main flow speeds on the cavity noise. The configuration is illustrated in Figure 5 , the distance from the cavity leading edge to the nozzle outlet is 180 mm, and the total dimension of the test platform is 1200 mm. In the test, U ∞ was controlled to be 40 m/s, 50 m/s, and 60 m/s, respectively.
Group II includes Cases No. 1 and 4-6, used to characterize the noise of the landing gear model when it is installed at different position of the cavity, corresponding to the forward/rearward retraction system. As shown in Figure 6 (a), the model used was a simplified nose landing gear with two wheels assembled. The model was manufactured with stainless steel, polished to delay the transition. It was installed close to the leading and trailing edges of the cavity, respectively, with a distance of 8 mm. Hereinafter, the two positions were termed as P1 and P2, illustrated in Figure 6 (b). Note that Case 1 was used to characterize the background noise, i.e., there is no cavity nor landing gear model inside. 
Results and Discussion
In this section, test results are discussed in detail. As mentioned above, each subsection will concentrate on one parameter that has effects on the noise emission, e.g., U ∞ and assembly position of the landing gear. Note that the different assembly position corresponds to the forward and the rearward retraction system.
3.1. Speed of the Incoming Flow. The incoming flow speed, i.e., U ∞ , is one of the most important factors that dominate the noise characteristics of a cavity. Figure 7 illustrates the experimental results in A-weighted OASPL (overall sound pressure level) of Cases 4-2 from those far-field microphones in the arc, and the polar system is used. Note that the azimuth shows the angle deviating from the vertical direction, denoted as φ. As such, when φ = 0°, it refers to the microphone that is on the right top of the cavity. Obviously, for this rig, the range of φ is [-90°, 90°]. As expected, OASPL is observed to increase with U ∞ . For each U ∞ , it is observed that with the change of φ, OASPL shows a directivity distribution. More specifically, OASPL peaks at ±67.5°, which means from φ = 0°to the horizontal direction (φ = ±90°), OASPL increases first till φ = ±67 5°and then decreases. Apart from directivity, more characteristics can be found in the spectra in Figure 8 . The data here were obtained from the microphone φ = 0°, and it is used in the remainder of this paper as well. Note that the spectra here have been also A-weighted to highlight the frequency range of interest. As shown in Figure 8 , in addition to the SPL level, the tones of each case show up at different frequencies when U ∞ varies. Those tones are the results of the high amplitude feedback resonance induced by the shear layer oscillation. As depicted in Figure 9 , due to the separation of the upstream edge, an instability within the turbulent shear layer will develop and spans the length of the cavity. When it reattaches the trailing edge, the impingement region will become the primary acoustic sources. As such, the leading and the trailing edges are also referred to as the separation edge and the impingement edge hereinafter. The acoustic waves propagate to all directions including the upstream. As it reattaches the separation edge, the incident acoustic waves act as the perturbation and trigger the Many studies [6, 8, 9] have been conducted to predict the frequencies of such shear layer modes. As mentioned in Section 1, the semiempirical equation based on the experimental data has been popularly used. This equation was proposed by Rossiter [7] , written as
where n is the order of the shear layer mode; Ma is the Mach number of the mainflow. κ and α are the two important coefficients. κ is the ratio between the convection speed of the vertical structures in the shear layer and the main flow speed. α is the phase delay between the hydrodynamic forcing and the acoustic feedback. In this paper, different values of κ were tested from 0.4 to 0.7 and the best fit was found to be 0.67, which enables equation (1) to well predict each modes, discussed later in this section. As for α, Chatellier et al. [25] argued that the phase delay is not necessary and for those cases with the speed of the flow to be much lower than the sound. Therefore, in this study, α is set to be zero. Figure 10 is a zoom-in of the spectra in Figure 8 , which illustrates the first four modes of each cases acquired from the experimental data. M1 means the first mode, M2 the second, and so on. These tones were identified with the help of equation (1), discussed in later in this section. The values from the prediction and the experiment of the first four modes are listed in Table 2 . To clearly illustrate the trend, a diagram is also given in Figure 11 , which is designed as the Strouhal number against the Mach number. It is observed that the values predicted for the first four modes are in good agreement with the experiment. Therefore, we International Journal of Aerospace Engineering 
can conclude that through the selection of the κ and α, the semiempirical equation of Rossiter [7] can be used to well capture the modes of the cavity resonance.
3.2. Assembly Position of the Landing Gear. Assembly position of the landing gear related to the bay, which corresponds to the forward/rearward retraction, can be an important factor that affects the noise characteristics of the entire undercarriage system. In order to evaluate the acoustic performance, the landing gear model was attached on the leading and the trailing side of the cavity, respectively, i.e., P1 and P2.
The A-weighted spectra of each case related to the installation of the landing gear model are presented in Figure 12 , including Cases 1 and 4-6. More specifically, Cases 5 and 6 refer to those configurations with the landing gear model installed upstream (P1) and downstream (P2). Cases 4 and 1 are the cavity only (benchmark test) and the background noise with only the main flow blowing. Note that U ∞ in all cases here is 60 m/s. It is observed that in Figure 12 , the installation of the landing gear model contributes to the increase of SPL in almost all frequencies. Obviously, this is because as a bluff body, the landing gear model can induce flow separation so as to make much noise. However, it is Figure 13 : Narrowband A-weighted spectra in different frequency ranges: (a) 400 Hz-1000 Hz; (b) 6000-9000 Hz. 8 International Journal of Aerospace Engineering found that in some modes of the shear layer oscillation, SPL reduces, e.g., 1st and 2nd modes discussed in Section 3.1. The explanation can be the perturbation that the landing gear model brings into the shear layer of the separation edge. To be more specific, the cavity oscillation is induced due to the impinging of the shear layer on the trailing edge, depicted in detail in Figure 9 . However, when the landing gear model exists, part of the shear layer from the separation edge will impinge on its strut, regardless of the model installation. In other words, the mechanism of the cavity oscillation will be disturbed. Note that this disturbance only affects the cavity flow field where the landing gear model stays, i.e., in the middle; the flow field in the side will not be affected. This can explain why SPL in some modes reduces but still exists. When the turbulent shear layer, instead of the laminar incoming flow, impinges on the landing gear installed at different locations, the acoustic performance of the landing gear requires analysis as well. Figure 13 includes the narrowband spectra zoomed in different frequency ranges. Figure 13(a) illustrates the low-frequency band from 400 Hz to 1000 Hz, showing that in some frequencies the SPL of Case 6 is higher than case 5, e.g., those that are highlighted by the dashed blocks I-III. While in the high-frequency range, for example, 6000 Hz to 9000 Hz in Figure 13 (b), Case 5 is higher than Case 6 in some frequencies such as the dashed blocks IV-VI.
To further explain the acoustic performance, noise source localization is used in this paper, achieved from the microphone array based on beamforming algorithm. As depicted in Figures 14 and 15 , SPL contour at 900 Hz and 6100 Hz is presented. 900 Hz was chosen as the frequency of interest in the low-frequency range to achieve an acceptable beamwidth for analysis. Note that in those images at the same frequency, range of the colour bar is managed to be identical so that SPL can be compared. From the comparison between Figures 14(a) and 14(b) , it is observed that at 900 Hz, regardless of the landing gear installation, noise is mainly produced from the cavity, which is consistent with the information reported in the spectra in Figure 12 . In addition, Case 8 shows to be noisier than Case 7. By contrast, at 6100 Hz the results are opposite, shown in Figures 15(a) and 15(b) . These results are also in good agreement with what the spectra illustrate in Figure 12 . Additionally, more important information can be observed from where the peak of the contour is, i.e., the wheel. Therefore, from Figure 14 , it is found that the noise at 900 Hz is mainly from the cavity side. At 6100 Hz, the peak shows up around the wheel and the upper side of the strut, which means that the flow separation from the landing gear itself dominates the noise generation in this frequency. As such, when the landing gear is attached upstream in P1, the incoming flow is relatively stronger than P2 and accordingly the flow separation noise is higher. 
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In conclusion, no matter where the landing gear is installed, it can disturb the shear layer oscillation when the landing gear is attached. Between P1 and P2, when the landing gear is attached upstream, it can benefit the reduction of the impinging noise to the strut from the shear flow; if attached to the trailing side of the bay, the flow separation noise will be less.
Summary
In this paper, acoustic characteristics of the different landing gear and bay assemblies were discussed, corresponding to the forward/rearward retraction. The bay was simplified into a rectangular cavity, and a parametric study was conducted. For the cavity noise, its characteristics related to the speed of the incoming flow was first analyzed through three cases. First of all, from the OASPL achieved from the far-field microphones in the arc, it was observed that the cavity shows an obvious sound directivity. Then, the cavity resonance was discussed in detail through the first four modes of each case. The frequencies measured from the experiment were compared to the values that are calculated using a semiempirical equation. The results showed that a good agreement can be attained when the two coefficients, i.e., κ and α, are managed well. Effects on the noise characteristics of the landing gear relative position to the cavity were also discussed, which corresponds to the forward/rearward retraction system. A landing gear model was installed close to the leading and the trailing edges of the cavity, respectively. From the experimental measurement, it is found, as expected, that the landing gear model can bring in extra noise emission. Furthermore, when it is installed close to the leading side, it can disturb the shear layer originating from the separation edge so as to reduce the oscillation noise. By contrast, when it is installed close to the trailing side of the cavity, the oscillation cannot be mitigated but the landing gear itself will have less noise production.
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